In humans, behaviors associated with autism and antisociality, disorders characterized by distinct social impairments, can be viewed as quantitative traits that range from frank impairment to normal variation, as found in the general population. Neuroimaging investigations of autism and antisociality demonstrate diagnostically specific aberrant cortical brain structure. However, little is known about structural brain correlates of social behavior in nonclinical populations. Therefore, we sought to determine whether autistic and antisocial traits exhibit dissociable cortical correlates and whether these associations are stable across development among typically developing youth. Three hundred twenty-three typically developing youth (age at first scan: mean ϭ 10.63, SD ϭ 3.71 years) underwent anatomic magnetic resonance imaging (1-6 scans each; total ϭ 742 scans), and provided ratings of autistic and antisocial traits. Higher autistic trait ratings were associated with thinner cortex most prominently in right superior temporal sulcus while higher antisocial trait ratings were associated with thinner cortex in primarily bilateral anterior prefrontal cortices. There was no interaction with age, indicating that these brain-behavior associations were stable across development. Using assessments of both subclinical autistic and subclinical antisocial traits within a large longitudinal sample of typically developing youth, we demonstrate dissociable neuroanatomic correlations that parallel those found in the frank clinical disorders of autism (e.g., superior temporal cortex) and antisociality (e.g., anterior prefrontal cortex). Moreover, these correlations appear to be established in early childhood and remain fixed into early adulthood. These results support the dimensional view of psychopathology and provide neural signatures that can serve as informative endophenotypes for future genetic studies.
Introduction
A fundamental question associated with the study of psychopathology is whether behavioral symptoms should be viewed dimensionally, wherein clinical disorders lie at the extreme of a continuous distribution of behaviors or traits (Rutter, 2003; Hudziak et al., 2007) , or categorically. Recent research supports the concept that behaviors associated with both autism spectrum disorders (ASD; Ronald et al., 2005; Skuse et al., 2005) and antisocial disorders (Frick et al., 2000; Murrie et al., 2007) can be viewed as such quantitative traits. Because these (social) behaviors are continuous and extend into the general population, we can seek to identify neural endophenotypes in large and relatively unconfounded (no comorbidities) subclinical samples.
Although ASD and antisocial disorders share impaired social functioning as a hallmark characteristic, they show distinctions in their genetic, cognitive, and neural profiles. Twin studies indicate that autistic and antisocial traits, though each highly heritable, have largely independent genetic underpinnings (Jones et al., 2009; Lundström et al., 2011) . Cognitively, ASD is associated with impairments in reasoning about the mental states of others, whereas deficits in antisocial disorders are related to the processing of emotional stimuli, fear conditioning, and moral reasoning (Blair, 2008) . These disorders also largely diverge in associated cortical anomalies. Three studies of cortical thickness converge in implicating thinner temporal and parietal cortices during adolescence/adulthood in high-functioning individuals with ASD compared with well matched controls (Hadjikhani et al., 2006; Wallace et al., 2010; Scheel et al., 2011) whereas antisocial disorders during adulthood and disruptive behavior disorders during childhood (Fahim et al., 2011) are associated with thinner prefrontal and cingulate cortices.
Though the neuroanatomic atypicalities associated with these clinical syndromes are emerging, little is known of the neural correlates of subclinical social behavioral traits in typically developing (TD) children and adolescents. The few studies attempting to link autistic or antisocial traits with the brain in TD individuals have used functional neuroimaging methodologies with relatively small samples of adults (Rilling et al., 2007; Di Martino et al., 2009; Fullam et al., 2009; Buckholtz et al., 2010; Sheng et al., 2010) . The literature on structural correlates is sparse: one study of adults found decreased white matter volume in the right posterior superior temporal sulcus with increasing autistic traits (von dem Hagen et al., 2011) , and one study of children documented increasing gray matter concentration in left parahippocampal and left cingulate cortices with greater antisocial traits (Rijsdijsk et al., 2010) . However, these studies were limited by relying on predefined regions of interest, volumetric methods, a single trait dimension (preventing examination of dissociation), and cross-sectional designs (preventing assessment of whether these cortical correlates are static/fixed or developmentally dynamic).
In a large cohort of TD youth, we examined the longitudinal, whole-brain cortical correlates of autistic and antisocial traits. Consistent with previous clinical studies documenting atypical superior temporal/temporoparietal cortices in ASD and aberrant prefrontal cortices in antisocial disorders, we predicted significant but largely orthogonal associations between cortical thickness and subclinical levels of autistic versus antisocial behaviors in TD youth.
Materials and Methods
Subjects. Three hundred twenty-three TD youth (176 males, 54%; age range ϭ 3.3-29.5 years; Full Scale IQ estimate: mean ϭ 111.92, SD ϭ 11.89; Hollingshead socioeconomic status score: mean ϭ 43.26, SD ϭ 18.14) underwent MRI scanning. Subjects provided 1-6 scans each for a total of 742 structural MRI brain images; 323 subjects had at least one scan (176 males; age: mean ϭ 10.63, SD ϭ 3.71), 235 had two scans (133 males; age: mean ϭ 12.72, SD ϭ 3.57), 110 had three scans (74 males; age: mean ϭ 14.38, SD ϭ 3.26), 54 had four scans (43 males; age: mean ϭ 16.91, SD ϭ 3.42), 17 had five scans (13 males; age: mean ϭ 20.15, SD ϭ 5.37), and three had six scans (two males; age: mean ϭ 18.73, SD ϭ 5.37). Subjects were part of a larger study of longitudinal typical brain development; thus, screening for the presence of learning, psychiatric, and neurologic disorders was the same as in previous studies (for details, see Giedd et al., 1999) . Verbal or written assent was obtained from children and written consent from the parents or adult participants. The National Institute of Mental Health Institutional Review Board approved the protocol.
Neuroimaging. T1-weighted images with contiguous 1.5 mm axial slices and 2.0 mm coronal slices were obtained using 3-dimensional spoiled gradient recalled echo in the steady state on a 1.5T GE Signa scanner (GE Healthcare). Scans were registered into stereotaxic space, segmented (Zijdenbos et al., 2002) and the Constrained Laplacian Anatomic Segmentation Using Proximities surface extraction procedure was then used to generate surface meshes representing the white matter and gray matter interfaces (Kim et al., 2005) . The root mean square thickness between corresponding nodes on the surface meshes was then calculated in native space (MacDonald et al., 2000) . The cortical thickness measurements were aligned using surface registration to maximize thickness value correspondence between subjects in terms of gyral patterning (Lyttelton et al., 2007) . A 30 mm surface blurring algorithm was used to reduce both the noise in the cortical thickness measurements and the effective number of statistical comparisons being performed (Chung et al., 2003) .
Trait-based measures. All subjects also had a parent-completed rating (age completed: mean ϭ 14.57, SD ϭ 4.79) from the Social Responsiveness Scale (SRS), which is used to assess primarily social traits associated with ASD across the full range of severity (i.e., from subclinical to clinical), distinguishes individuals with ASD from controls (Constantino et al., 2000) , is highly correlated with a widely used diagnostic instrument, the Autism Diagnostic Interview , and is developmentally stable (Constantino et al., 2009 ). The SRS is composed of 65 items (e.g., "has difficulty relating to peers" or "would rather be alone than with others"), each of which is rated as "not true," "sometimes true," "often true," or "almost always true."
The majority of subjects (n ϭ 298) also had a score from the Antisocial Process Screening Device (APSD), a parent-completed (ages 7-13 years; n ϭ 137) or self-rating (ages 14ϩ years; n ϭ 161) measure (age completed: mean ϭ 14.66, SD ϭ 4.68) that assesses temperamental, affective, and behavioral traits associated with antisocial behavior, is predictive of antisocial outcomes in children and adolescents (McMahon et al., 2010) , and is temporally stable (Muñoz and Frick, 2007) . The APSD is composed of 20 items (e.g., "lies easily and skillfully" or "acts without thinking of the consequences") each of which is rated as "not at all true," "sometimes true," or "definitely true." These APSD scores were associated with 704 of the 742 total scans in the SRS sample. Furthermore, this subset of 298 subjects providing APSD scores did not differ from the larger group of 323 individuals providing SRS data in terms of any demographic details (157 males, 53%; age range ϭ 3.6 -29.5 years; Full Scale IQ estimate: mean ϭ 111.88, SD ϭ 11.77; Hollingshead socioeconomic status score: mean ϭ 43.14, SD ϭ 18.19).
Total raw summary scores from both the SRS (mean ϭ 22.39, SD ϭ 13.86, range ϭ 0 -79) and the APSD (mean ϭ 9.36, SD ϭ 4.72, range ϭ 0 -30) were used in analyses here, as they are the most psychometrically sound indices based on factor analytic, reliability, and validity studies (Constantino et al., 2004; Poythress et al., 2006) . Consistent with a screened, TD population, mean autistic trait (SRS) ratings and antisocial trait (APSD) ratings fell below scores expected in samples of individuals with ASD (mean SRS raw score Ն80; Constantino et al., 2010) or conduct problems (mean APSD raw score Ͼ17; Vitacco et al., 2003) .
Neither IQ nor parental socioeconomic status was significantly correlated with SRS and APSD scores (r values Ͻ0.11, p values Ͼ0.05). Although age was modestly negatively correlated with SRS scores (r ϭ Ϫ.20, p Ͻ 0.001), it was not significantly associated with APSD scores (r ϭ 0.03, p ϭ 0.58). Significant sex differences in APSD scores were found (t ϭ 3.68, p Ͻ 0.001) with males (mean ϭ 10.29, SD ϭ 4.63) rated as having more antisocial traits than females (mean ϭ 8.32, SD ϭ 4.62). However, no such differences were noted in SRS scores (t ϭ 0.11, p ϭ 0.91). Finally, it should be noted that SRS and APSD scores were significantly positively correlated with one another (r ϭ 0.39, p Ͻ 0.001), though this correlation was not of sufficient magnitude to preclude examination of distinct neural correlates for each of these social trait measures.
Analysis. Mixed model regression was used here because, unlike other tools (e.g., repeated-measures ANOVA) used to examine developmental change, it allows the inclusion of multiple measurements per person, missing data, and irregular intervals between measurements (Pinheiro and Bates, 2000) . Age effects on the relationship between cortical thickness and the APSD and SRS scores were tested first. We found no significant interaction between the age terms and the APSD and SRS scores throughout the cortex; thus, these interaction terms were dropped and the age terms were included as covariates. Additionally, sex, IQ, and parental socioeconomic status were included as covariates. In the final model, the ith cortical thickness value of the jth individual was modeled as
where d i is a random effect modeling within-person dependence, the intercept and ␤ terms are fixed effects, and e ij represents the residual error. The relationship between cortical thickness and the APSD/SRS score is given by the ␤ 1 term. We adjusted for multiple comparisons by using the False Discovery Rate procedure (set at 0.05; Benjamini and Hochberg, 1995) and report FDR corrected significant clusters Ͼ100 vertices in extent.
Results
After accounting for contributions of age, sex, IQ, and socioeconomic status, we found that higher scores on the SRS, indicating greater autistic traits, were associated with thinner cortex in several regions (Fig. 1) . The most prominent region centered on the posterior right superior/middle temporal gyrus (prominently along the superior temporal sulcus) extending into the angular gyrus (t ϭ 4.0, p ϭ 0.0001). Association was also found in the left-sided posterior middle/superior temporal cortex (t ϭ 3.8, p ϭ 0.0002), the right precentral gyrus (t ϭ 3.8, p ϭ 0.0002), and the left superior parietal lobule (t ϭ 3.9, p ϭ 0.0002).
Increasing scores on the APSD, indicating more antisocial traits, were associated with thinning (also consistent across development) in different cortical regions, most prominently the anterior middle frontal gyri bilaterally (t ϭ 3.6, p ϭ 0.0004), but also bilaterally in the medial portions of the precentral and postcentral/superior parietal cortices (for both the right and left, t ϭ 2.7, p ϭ 0.008; Fig. 2) .
Notably, the cortical regions associated with autistic and antisocial traits were largely anatomically distinct with only one small region of overlap in portions of the left medial parietal cortex (Fig. 3) . These largely dissociable neural correlates were found despite the significant, albeit moderate, association between the two trait ratings in this sample.
Discussion
The present study provides the first neurobiological, particularly brain-based, evidence in support of a continuum underlying both ASD and antisocial disorders within a single large sample of typically developing individuals. Analysis of cortical thickness in a large cohort of TD youth revealed strikingly different cortical correlates for autistic and antisocial traits that remained stable across development. The superior temporal and temporoparietal regions, which correlated with autistic traits in our sample, overlap substantially with areas of cortical thinning in adolescents and adults with ASD (Hadjikhani et al., 2006; Wallace et al., 2010; Scheel et al., 2011) and with localized autistic trait/white matter volume correlations in neurotypical adults (von dem Hagen et al., 2011) . These cortical regions have also been linked to social cognitive processing in healthy adults (Van Overwalle, 2009 ) and to functional anomalies in individuals with ASD during completion of "theory of mind" and other social cognitive tasks (Castelli et al., 2002; Pelphrey et al., 2011) . Social cognition is a fundamental deficit among individuals with ASD, contributing to their struggles in forming and maintaining social interactions and relationships. By contrast, the cortical correlates of antisocial traits lie primarily in anterior prefrontal cortical regions where thinner cortex has been found in psychopathic adults and in children with disruptive behavior disorders (Fahim et al., 2011) and where both functional and structural brain abnormalities have been associated with antisocial disorders . Anterior prefrontal cortices have also been linked with moral reasoning, among other functions, in neurotypical adults (Raine and Yang, 2006) . Moral reasoning is a particular difficulty among individuals with antisocial behavior and may underlie their persistent violation of rules and social norms. Therefore, our results extend these cortical associations subclinically, bridging brain-behavior associations in the frank clinical disorders of ASD and antisociality with typical variations in the behaviors characterizing these disorders.
Importantly, we did not find a significant effect of age; the anatomically distinct cortical correlates of autistic and antisocial traits, previously shown to be temporally stable using the SRS (Constantino et al., 2009 ) and APSD (Muñoz and Frick, 2007) , appeared early and held throughout childhood, adolescence, and young adulthood. Thus, fixed, distinct neuroanatomic signatures emerge, predominantly superior temporal/temporoparietal thinning for autistic traits and primarily anterior prefrontal cortical thinning for antisocial traits. Given the convergence of prior clinical studies and the subclinical associations demonstrated here, regionally specific cortical changes are candidate biomarkers for their related disorders. Therefore, the present brain-based findings extend prior studies demonstrating both largely separable genetic influences on autistic and antisocial traits (Jones et al., 2009; Lundström et al., 2011 ) and dissociable cognitive deficits in ASD and antisocial disorders (Rogers et al., 2006; Jones et al., 2010; Schwenck et al., 2011) . Furthermore, these findings also inform the taxonomy of these disorders for DSM-5 (2013, in press) and beyond. We show not only dissociable cortical correlates for autistic versus antisocial traits, but we also do so subclinically, providing added validation for the dimensional examination of the behaviors associated with these disorders and trends toward taking a neuroscience-focused orientation to aid psychiatric classification (Insel et al., 2010) .
There are limitations to consider. First, although communitybased, the sample was not epidemiological in nature. An epidemiological sample likely would have provided greater variance in social trait scores; however, using a well screened community sample allowed us to rule out variance due to other nuisance factors (e.g., comorbid psychopathology) known to affect brain structure. Also, the measure of antisocial traits (APSD) included both parent-and self-ratings, as determined by the age of the participant (Ͻ14 years provided parent-ratings; 14ϩ years provided self-ratings), raising the issue of potential rater effects. However, age did not affect correlations between antisocial traits and cortical thickness, and the results, as presented, included age as a covariate. Therefore, the potential influence of different APSD raters has been addressed in these analyses. Finally, the current sample comprised primarily school-age children and adolescents as well as young adults. Perhaps if the age range was extended lower, age effects moderating the relationship between cortical thickness and these social traits would have been detected.
Nevertheless, the present study, by being the first to examine correlations of both ASD and antisocial traits with cortical growth trajectories, implicates distinctive neural signatures for these social traits that extend subclinically into the general population. These dissociable neural correlates may serve as endophenotypes for ASD and antisocial disorders and thereby aid future genetic studies.
